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ABSTRACT
McGiffert, Brian S., M.S., 1978 Chemistry
An Investigation o f the Essential Sulfhydryl Groups in  the aB 
Reverse Transcriptase of Avian Myeloblastosis Virus (97 pp.)
Kenneth D. Matson, Director
The DMA polymerase and associated ribonuclease H a c tiv it ie s  o f 
reverse transcriptase were shown to be strongly inhib ited by d is ­
solved oxygen and the two sulfhydryl-modifying reagents p- 
hydroKymercuribenzoate and N-ethylmaleimide. Inh ib ition  o f the 
DMA polymerase a c t iv ity  in the presence o f d ith io th re ito l was 
dependent on the choice o f template-primer, along with the con­
centration and choice of in h ib ito r. Greater in h ib itio n  was 
observed with p-hydroxyroercuribenzoate than with N-ethylmaleimide 
at low in h ib ito r concentrations. Inh ib ition  o f ribonuclease H 
in the presence o f d ith io th re ito l depended upon the sequence o f 
reagent addition, in  addition to the concentration and choice o f 
in h ib ito r. Low concentrations o f p-hydroxymercuribenzoate were 
again more e ffective  a t in h ib itin g  enzymatic a c tiv ity  than 
corresponding N-ethylmaleimide concentrations, and greater losses 
o f a c tiv ity  were observed when the in h ib ito r was added to the 
assays p rio r to the substrate.
DNA polymerase and ribonuclease H in h ib itio n  patterns d iffe red  
substantially from one another fo r para lle l assay conditions, 
suggesting that the active s ites fo r  the two a c tiv itie s  reside 
a t d iffe ren t locations in the protein. Binding between reverse 
transcriptase and d iffe re n t polynucleotides was found to be 
diminished by both p-hydro)^ymercuribenzoate and N-ethylmaleimide. 
However, the loss o f binding a b il i ty  was substantia lly less than 
the corresponding loss o f enzymatic a c tiv it ie s  a t the same in ­
h ib ito r concentrations, indicating that nucleic acid binding is  
not the principal function of the essential sulfhydryl groups.
i i
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CHAPTER I 
INTRODUCTION
Historical
In 1911, F. Peyton Rous demonstrated that a virus 
was capable of transmitting a then-recognized form of can­
cer (Rous, 1911). Rous made his discovery while investigat­
ing the passage of a spontaneously-arising sarcoma, a solid 
tumor of the connective tissue, in Plymouth Rock chickens.
He was the first to show that a cell-free extract from the 
tumor of one animal (a chicken) could induce the formation 
of a new tumor when injected into an animal of the same 
species. Other researchers had tried this experiment with­
out success using transplantable tumors from mice, rats, and 
dogs. Earlier, Ellerman and Bang (1908) and Ellerman (1909) 
had reported that leukemia could be transmitted in chickens 
by a cell-free extract of leukemic chicken blood cells. How­
ever, since leukemia was not at that time clearly recognized 
as a form of cancer, those reports did not generate the con­
troversy and discussion that followed Rous's publication. 
Rous's discovery and his subsequent investigations were even­
tually deemed of such importance that he was awarded the 1966 
Nobel Prize for his work.
It is now known that these early studies constituted
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the first investigations of retroviruses, a group of unusual 
RNA-containing viruses whose mechanism of reproduction involves 
the synthesis of a DNA-provirus from a single-stranded RNA 
genome (Baltimore, 1970; Temin and Mitzutani, 1970).
RNA Tumor Viruses
Retroviruses include all RNA-containing viruses that 
require the synthesis of a DNA copy of their own genomes in 
order to be replicated. At the present time, roughly two- 
thirds of the more than 30 known retroviruses have been shown 
to be oncogenic (see Bishop, 1977), and with further study, the 
others may also prove to be cancer causing. Those known to 
be oncogenic are called oncornaviruses (for oncogenic RNA 
virus), or more simply, RNA tumor viruses.
RNA tumor viruses have been isolated from mammals, 
birds and reptiles, and are currently the subject of intense 
study. They are characterized in electron micrographs as hav­
ing a spherical shape with a diameter of about 100 nm (Bernard, 
1958). The outer surface consists of a lipid bilayer, or en­
velope, from which glycoprotein knobs, or spikes, project 
(Eckert et al., 1963; de Thé et al., 1964; Rifkin and Compans, 
1971). Immediately within the envelope and closely associated 
with it is an icosahedral shell, the capsid, which consists of 
proteins arranged in hexagonal and pentagonal subunits (Nermut 
et al., 1972). This shell and its contents are referred to as 
the viral core. Just inside the capsid is a core membrane, 
and within this is found a ribonucleoprotein structure called
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the nucleoid. The nucleoid contains proteins, the RNA genome, 
various transfer RNA molecules, and lesser amounts of some 
other RNAs, all of which are single-stranded (Robinson et al., 
1965; Robinson and Baluda, 1965; Duesberg and Robinson, 1966; 
Watson, 1971). The RNA can be extracted with phenol, and is 
found to consist primarily of species which sediment at 60-70S 
and 4-5S in neutral sucrose gradients (Robinson et al., 1965; 
Robinson and Baluda, 1965; Duesberg and Robinson, 1966; Watson,
1971). The 60-70S species is the genome. It is composed of 
two subunits which sediment at 35S, corresponding to an esti­
mated molecular weight of 3 x 10^ daltons each (Duesberg, 1968; 
Bader and Steck, 1969; Erickson, 1969; Montagnier et al., 1969; 
Manning et al., 1972).
Numerous enzymatic activities have been associated with 
the viral core proteins, although most of these activities are 
thought to be of cellular origin. A major exception is an 
enzyme known as reverse transcriptase. This enzyme is an 
RNA-directed DNA polymerase, and it exhibits a ribonuclease 
H activity. Studies with temperature sensitive avian sarcoma 
viruses indicate that this enzyme is a viral gene product (see 
Verma, 1977).
Life Cycle of RNA Tumor Viruses
The life cycle of RNA tumor viruses has been reviewed 
by Tooze (1973) and Verma (1977). Virus particles first bind 
to receptors on a host cell surface by way of the virus's
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
glycoprotein knobs. The virions then penetrate through the 
cell’s plasma membrane. (Mce within the cytoplasm, viral 
RNA-directed DNA polymerase transcribes the single-stranded 
RNA genome into double-stranded DNA by way of an intermediate 
RNA-DNA hybrid. The DNA, in a circular covalently-closed 
form, is transported into the nucleus and integrated into one 
of the host cell’s chromosomes. Once integrated, RNA copies 
can be transcribed for both translation into viral proteins 
and encapsulation into progeny virus particles. The viral 
RNA intended for the latter is encapsidated by viral proteins 
in the cytoplasm. The newly-formed core particles then migrate 
to the cell membrane. They escape from the cell by a process 
called budding, during which the virus particles acquire an 
outer envelope from the cell's plasma membrane. Maturation 
takes place during and after encapsidation and budding.
Reverse Transcription
In 1958 and again in 1970, Francis Crick put forth as 
the central dogma of molecular biology that sequential infor­
mation can be transferred from one nucleic acid to another and 
from nucleic acids to proteins, but that such information can 
never move from a protein to a nucleic acid or fr<Mn a protein 
to another protein (Crick, 1958; Crick, 1970). His descrip­
tion left open the possibility of an RNA to DNA flow of infor­
mation, but the view held by most molecular biologists of the 
1960s was that this was never the case. Thus, the postulation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
by Temin (1964a) that retroviruses reproduced by such a scheme 
of RNA to DNA information flow was met with less than immedi­
ate acclamation. However, no other schemes could readily ex­
plain the facts that inhibitors of DNA synthesis could com­
pletely block viral infection (Temin, 1964b; Bader, 1965; Temin, 
1968; Murry and Temin, 1970; Humphries and Temin, 1972) and 
that an inhibitor of DNA-directed RNA synthesis, actinomycin D, 
could prevent virus production (Bader, 1964; Baluda and Nayak, 
1969; Bader, 1970). A major breakthrough occurred in 1970 when 
two laboratories independently demonstrated the existence of an 
RNA-directed DNA polymerase in two different RNA tumor viruses 
(Temin and Mizutani, 1970; Baltimore, 1970). In addition to 
solving the initial dilemma of oncornavirus reproduction, the 
discovery of reverse transcriptase established the validity of 
a more general form of the central dogma (Figure 1). Temin 
and Baltimore's work started the ascent to a new level of 
learning and understanding, and in recognition of their con­
tributions, they were awarded the 1975 Nobel Prize in Medicine.
Reverse Transcriptase
Reverse transcriptase is a virus-coded enzyme which 
has been found in all infective retroviruses (Tooze, 1973).
The physical characteristics of the enzyme and the chemistry 
of its two enzymatic activities depend on the virus from which 
it originates. Most detailed enzyme studies have employed 
viruses from either avian or murine hosts. Similar physical
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A.
B.
C.
Protein
RNA > Protein 
DNA 
RNA ^ > Protein
Figure 1. Flow of sequential biological informa­
tion. A. Commonly accepted interpre­
tation of Crick's central dogma prior 
to 1970. B. Current conception of 
central dogma. (DNA to protein flow 
has not been found i_n vivo.) C. Flow 
of information in retroviruses. (A.
and B. from Crick, 1970).
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and enzymatic properties exist among the reverse transcriptases 
isolated from the different avian oncornaviruses. Likewise, 
nost of the reverse transcriptases isolated from different 
■urine viruses have similar characteristics. Comparing the 
avian and murine polymerases one finds similar enzyme chemistry. 
However, the physical properties of the avian enzyme differ 
from those of the murine.
The enzyme isolated from murine oncornaviruses consists 
of a single polypeptide with a molecular weight of 70,000- 
84,000 daltons (Moelling, 1974a and 1974b; Wu and Gallo, 1975; 
Verma, 1975). The enzyme originating in the avian viruses has 
two subunits: a, whose molecular weight is approximately 65,000
daltons, and g, whose molecular weight is about 95,000 daltons 
(Kacian et al., 1971; Grandgenett et al., 1973; Gibson and 
Verma, 1974). Results suggest that for the ag dimer of the 
avian-host viruses, the viral genome codes only for the g sub­
unit (Vogt, 1976) and that the o subunit is derived from g by 
a proteolytic cleavage (Moelling, 1974b; Rho et al., 1975).
Two enzymatic activities are known to be associated 
with reverse transcriptase. One activity is synthetic, the 
DNA polymerase activity. The other is degradative, a nuclease 
activity specific for the RNA of an RNA-DNA hybrid (Moelling 
et al., 1971). This activity is called ribonuclease H (for 
hybridase) , or more simply, RNase H. Both enzymatic activities 
are found on the single polypeptide of the murine oncornaviral 
enzyme (Moelling et al., 1974a and 1974b), and on the two
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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polypeptides of the avian enzyme, a (Grandgenett et ai., 
1973) and 0 (Watson and Rosok, unpublished observations). 
Both activities are also found on the og (Keller and Crouch, 
1972; Baltimore and Smoler, 1972; Faras et al., 1972; Watson 
et al., 1973) and 02 dimers (Hizi and Joklik, 1977; Hizi et 
al., 1977).
The polymerase activity requires a strand of poly­
nucleotide to act as the template for synthesis of a com­
plementary DNA strand. The enzyme can function with both 
RNA and DNA templates, and these can be either homopolymers 
or heteropolymers (see review by Temin and Baltimore, 1972). 
For homopolymers, RNA templates generally support a greater 
rate of DNA synthesis than the corresponding DNA templates. 
As with other DNA polymerases, reverse transcriptase cannot 
begin synthesis unless there is a segment of complementary 
polynucleotide hybridized to the template. This segment, 
called the primer, must have a 3*-hydroxyl terminus to serve 
as a starting point for the synthesis of new complementary 
DNA (Baltimore and Smoler, 1971). The primer as well as the 
template can be either DNA or RNA, but deoxyribo-oligomers 
seem to be more efficient in initiating reactions with homo­
polymeric templates (Tamblyn and Wells, 1975). This is sur­
prising since all of the natural oncornaviral primers which 
have been identified are transfer RNA molecules (Sawyer et 
al., 1974; Waters, 1975; Harada et al., 1975; Waters and 
Mullin, 1976; Peters et al., 1977).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The polymerase reaction requires as its substrates 
#ach of the four common deoxyribonucleoside triphosphates 
th»t are complementary to deoxyribo- or ribonucleotides con­
tained in the template (Spiegelman et al., 1970b; Green and 
Gerard, 1974). It will not accept the substitution of ribo- 
nucleoside triphosphates (Baltimore, 1970; Temin and Mizutani, 
1970; Spiegelman et al., 1970a). The direction of synthesis 
of the nascent DNA is S'-PO* to 3*-OH (Smoler et al., 1971). 
This is the same direction of DNA synthesis as that found for 
all other known polymerases.
The RNase H activity requires an RNA-DNA hybrid as its 
substrate (Moelling et al., 1971; Baltimore and Smoler, 1972; 
Keller and Crouch, 1972; Leis et al., 1973a), and since it re­
quires free RNA ends in order to initiate degradation, it is 
an exonuclease (Keller and Crouch, 1972; Leis et al., 1973a; 
Moelling, 1974; Verma, 1975). Reports of the products formed 
by the hydrolysis of RNA have included tetranucleotides and 
larger (Moelling, 1976) and oligonucleotides of 6-20 residues 
(Baltimore and Smoler, 1972; Verma, 1975). Keller and Crouch 
(1972) reported seeing mononucleotides, but the other re­
searchers specifically reported the lack of these. The enzyme 
from avian myeloblastosis virus is reported to be processive 
(meaning that it hydrolyzes one molecule completely before 
moving to a different substrate molecule) and to hydrolyze in 
both the 5' to 3' and the 3' to 5' directions (Leis et al., 
1973a and 1973c).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Both the polymerase and the RNase H activities re­
quire the presence of a divalent cation (Baltimore, 1970; 
Temin and Mizutani, 1970; Moelling et al., 1971; Watson et 
al., 1973). Both MgZ* and Mn^* are effective, but the 
enzyme does not function with Ca2+ (Temin and Mizutani, 1970; 
Watson and Spiegelman, 1972). The rates of both deoxyribo- 
nucleotide incorporation and ribonucleotide hydrolysis depend 
on the identity and concentration of the divalent cation 
being used, as well as the identities and concentrations of 
the enzyme and template-primer employed in the reaction. The 
divalent cation concentrations required to give maximum rates 
of activity have been reported to be either exactly the same 
or within the same range for both the polymerase and RNase H 
activities (see review by Green and Gerard, 1974; also Watson 
et al., 1973; Grandgenett and Green, 1974; Verma, 1975; Marcus 
and Modak, 1976; Verma, 1977). For MgZ+, maximum rates of 
activity have generally been reported to be in the 2-12 mM 
range, depending on the reverse transcriptase and the template 
primer or RNA-DNA hybrid identities, although Marcus and Modak 
(1976) reported optimal polymerase activity in the 30-50 mM 
range for some enzyme-template-primer combinations. For Mn^*, 
the concentrations reported to give maximum activity have gen­
erally been in the 0.1 to 2.0 mM range. In some instances the 
optimal Mg2+ concentration resulted in a greater rate of 
mononucleotide incorporation than the optimal Mn^* concentra­
tion, while in other instances, the reverse was true. At
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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divalent cation concentrations above the optimum, inhibition 
is observed.
The effect of monovalent cations on the two activities 
varies, depending again on the enzyme and polynucleotides 
being examined, as well as on the divalent cation concentra­
tion. Concentrations in the zero to 350 mM range for Na* or 
K* have been reported under different conditions to stimulate, 
inhibit, or have no effect on the rates of enzyme activity 
being examined (see review by Green and Gerard, 1974; also 
Keller and Crouch, 1972; Leis and Hurwitz, 1972; Marcus and 
Modak, 1976; Yamura and Cavalieri, 1976). Generally, the 
higher the divalent cation concentration being used, the lower 
the level of monovalent cation required for maximum rates of 
either activity. For divalent cation concentrations of 5-10 mM, 
optimum monovalent cation concentrations are usually in the 
0-100 mM range, with inhibition observed at levels of K* or 
Na* above the optimum. Also, the monovalent anion F‘ has been 
reported to exert selective inhibition against the RNase H 
activity (Flugel et al., 1973; Brewer and Wells, 1974).
The optimal pH for the two activities of reverse 
transcriptase has been found to be around pH 8 for all on­
cornaviruses tested, and the optimal temperature is dependent 
on the virus's natural host, 37-40*C for the mammalian vi­
ruses and 40-45®C for the avian virus (Temin and Baltimore,
1972).
In addition to the requirements discussed above, both
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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enzymatic activities require the presence of a sulfhydryl 
reducing agent, such as dithiothreitol, g-mercaptoethanol, 
or glutathione, for full activity (see reviews by Temin and 
Baltimore, 1972; Green and Gerard, 1974). This requirement 
differs from those above in that it directly indicates that 
one of the 20 common amino acids, cysteine, is essential for 
enzymatic activity. This fact leads to a number of inter­
esting questions. For example, can the activity of the 
enzyme be preserved in the absence of a reducing agent if 
molecular oxygen is excluded? Will sulfhydryl modifying 
reagents inhibit the enzyme? If so, can differential in­
hibition of the two enzymatic activities be achieved with 
such reagents? Does the order of addition of the reagents 
make a difference--if a polynucleotide is added prior to the 
sulfhydryl modifying reagent, will the degree of inhibition 
be different than if it is added after the sulfhydryl reagent? 
Can specific chemical functions, such as binding between the 
enzyme and a polynucleotide, be disrupted by sulfhydryl 
modifying reagents? If so, does this occur at concentrations 
that similarly inhibit the enzymatic activities? These are 
the questions to which this research intends to address it­
self.
General Chemistry of Sulfhydryl Reagents
Reducing agents. Biochemists have employed a number 
of reagents to maintain the reduced state of sulfhydryl groups
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in studies of enzymes. The most common of these reagents 
are dithiothreitol (DTT) and g-mercaptoethanol (BME). DTT 
is generally the reagent of choice because of its high reduc­
ing potential relative to most protein sulfhydryls and to 
other common sulfhydryl reducing agents. This attribute re­
sults from the stable, 6-membered ring that forms upon the 
oxidation of its two terminal sulfhydryl groups (Cleland,
1964). Both DTT and g-mercaptoethanol can reduce protein 
disulfides, as shown in Figure 2.
Sulfhydryl modifying reagents. A wide variety of 
sulfhydryl oxidizing, alkylating, and proton exchanging 
reagents are available, with variations in their specificity, 
selectivity, and reactivity toward protein sulfhydryls 
(Fraenkel-Conrat, 1957; Boyer, 1959). These include 
iodoacetamide, iodoacetic acid, iodine, N-ethylmaleimide (NEM), 
mercury (II) and various organic mercurials, especially p- 
hydroxymercuribenzoate (pHMB). Of these, NEM and pHMB are 
two of the most attractive reagents. NEM is fairly specific 
for sulfhydryl groups, and pHMB is highly so. The two re­
agents differ markedly in their selectivities, however. NEM 
tends to combine with only the most reactive protein sulfhy­
dryl groups, whereas pHMB will usually react with all sulfhy­
dryls that are exposed, regardless of their reactivity 
(Fraenkel-Conrat, 1957; Riordan and Vallee, 1972). The use 
of both pHMB and NEM can thus distinguish between low and 
high reactivity protein sulfhydryl groups.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Frot«in
\  ?" Y4 +  C -C H ,-S H
H OH
DTT
A. S—+ "a<OH
H  O H
Oxldlx«d
DTT
H OH
I  +  HS-CHg-CHg-OH  
6- m*rcopto«thcNiol m i
K $-S -C H j-C H ^-O H
B. 0 -m»r captM thanol
m m r S H +  I
S-CH ^-CHj-O H
S-CHj-CHj-OH
FiRurc 2. Reaction of (A.) DTT and (B.) 6-mercaptoethanol 
with protein disulfides.
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The reaction of NEM with a sulfhydryl group produces 
a stable covalent carbon-sulfur bond which cannot be reduced 
by DTT or any of the other mild sulfhydryl reducing agents, 
and which even remains stable throughout acid hydrolysis of 
the protein (Fraenkel-Conrat, 1957; Boyer, 1959; Riordan and 
Vallee, 1972). For the purposes of protein sulfhydryl studies, 
it is thus an irreversible reaction. The organometallic bond 
formed by reaction with pHMB, however, is readily converted 
back to a sulfhydryl by DTT (Fraenkel-Conrat, 1957; Riordan 
and Vallee, 1972). Both NEM and pHMB are water soluble, al­
though pHMB requires alkaline conditions for dissolution.
NEM and pHMB react with DTT in the expected stoichiometry of 
two pHMB or NEM to one DTT, as shown in the Results section.
The reactions of pHMB and NEM with both protein sulfhydryls 
and DTT are shown in Figures 3 and 4, and an excellent, de­
tailed discussion of sulfhydryl and disulfide chemistry is 
contained in Boyer (1959).
Sulfhydryl Biochemistry of Other Polymerases
The sulfhydryl requirements of some polymerases and 
the susceptibility of these to sulfhydryl inhibition have 
been probed, in some cases in depth. Procaryotic DNA and 
RNA polymerases have both been examined, as have some eucary­
otic DNA polymerases. The sensitivities of some of these 
toward sulfhydryl blocking reagents are shown in Table 1.
The differences in sensitivity toward sulfhydryl
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TABLE 1
INHIBITION OF PROCARYOTIC AND EUCARYOTIC NUCLEIC ACID 
POLYMERASES BY SULFHYDRYL MODIFYING REAGENTS
Inhibited By
Source Enzyme NBl Mercu­rial Other References
E. coli DNA Pol.I No No Jovin et al., 1969b; Kom- 
berg and Gefter, 1971; 
Gefter et al., 1971.
DMA Pol.II Yes * * Komberg and Gefter, 1971; 
Gefter et al., 1971.
DNA Pol.Ill Yes -  - Komberg and Gefter, 1971; 
Gefter et al., 1971.
E. coli and 
A. vinelandii RNA Pol. -  - Yes See text; Krakow, 1975.
Bacteriophage
T7 RNA Pol. •  - -  - Yes Oakley, 1975.
HeLa DNA Pol. a Yes “  - Wfeissbach et al., 1971.
DNA Pol. 6 -  - No Wèissbach et al., 1971
MitochOTidrial 
DNA Pol No —  - Fry and Wèissbach, 1973.
Calf Thymus DNA Pol. o 
Enz. A 
Enz. C
Yes
Yes
-  - Wickranasinghe et al., 1977. 
Wickremasinghe et al., 1977.
Lynphocytes DNA Pol. o Yes -  - Smith and Gallo, 1972.
DNA POl. 8 No - - Smith and Gallo, 1972.
Novikoff
Hepatmna DNA Pol. 8 Yes Yes Mosbough et al., 1976.
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modifying reagents'have been employed in the identification, 
purification, and characterization of both procaryotic and 
eucaryotic DNA polymerases. The procaryotic DNA polymerase I 
from E. coli and B. subtilis is insensitive to NEM and mer­
cury (II), although both enzymes contain exposed sulfhydryl 
groups (Jovin et al,, 1969a; Jovin et al., 1969b; Gefter et 
al., 1971). Polymerases II and III, however, are both sensi­
tive to NEM (Komberg and Gefter, 1971; Gefter et al., 1971;
Komberg and Komberg, 1974).
The eucaryotic DNA polymerases are not as distinct 
in their inhibition by sulfhydryl reagents. Most of the 
high molecular weight a-polymerases are completely inhibited 
by 1 mM NEM (nomenclature of Wèissbach et al., 197 5), while
most of the low molecular weight 6 polymerases are unaffected
by NEM concentrations as high as 10 mM (Wèissbach et al.,
1971; Smith and Gallo, 1972; Wèissbach, 1975; Wèissbach et al., 
1975; Stalker et al., 1976). However, one of the o-polymerases 
is reported to be less sensitive to NEM inhibition, being only 
60% inhibited by 1 mM NEM (Wickremasinghe et al., 1977), and 
one B polymerase is reported to be more sensitive to NEM 
(Stalker et al., 1976; Mosbaugh et al., 1976), showing a 35% 
inhibition at 10 mM NEM.
Much more extensive sulfhydryl studies have been con­
ducted on three procaryotic RNA polymerases. In the very 
similar E. coli and A. vinelandii RNA polymerases, modifica­
tion of sulfhydryl groups contained in the 30-35 cysteinyl
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residues (Maitra and Hurwitz, 1967) leads to changes in 
subunit-subunit interaction (Ishihama, 1972; Ito and Ishihama, 
1973; Krakow, 1975), template recognition and specific initia­
tion (Yarbrough and Wu, 1974), template binding (Ishihama and 
Hurwitz, 1969; Smith et al., 1971; Krakow, 1972; Krakow, 1975), 
and phosphodiester bond formation (Krakow, 1966; Lee-Huang and 
Warner, 1969; Ishihama and Hurwitz, 1969; Sumegi et al., 1971; 
Smith et al., 1971; Harding and Beychok, 1973; Nicholson and 
King, 1973; Yarbrough and Wu, 1974; Krakow, 1975). A study of 
the RNA polymerase coded for by the bacteriophage T7 showed 
that only one of the four sulfhydryl groups in the molecule 
was exposed, and that modification of that group by iodoacetate, 
iodoacetamide, or 5,5*-dithiobis(2-nitrobenzoic acid) caused a 
complete loss of activity (Oakley, 1975). Binding studies re­
vealed that the ability of the polymerase to bind GTP diminished 
with iodoacetate inactivation indicating that the sulfhydryl 
group might be involved in the initiation step of RNA synthesis.
Sulfhydryl Biochemistry of Oncornaviral Reverse Transcriptase
The first investigators to discover and study reverse 
transcriptase reported that the inclusion of the sulfhydryl 
reducing agent dithiothreitol in the reaction mixture greatly 
increased the incorporation of deoxyribonucleotides into DNA 
(Baltimore, 1970; Temin and Mizutani, 1970). Subsequently, it 
was shown by Leis (1973b and 1973c) that the selective sulfhydryl 
modifying reagent N-ethylmaleimide would inhibit both the
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polymerase and RNase H reactions, though RNase H activity was 
reported to be considerably less sensitive than the polymerase 
(Leis et al., 1973b and 1973c). Both activities can also be 
inhibited by pHMB (Leis et al., 1973c). Very recently,
Schuerch and Wehrli (1978) have reported that g-lapachone, 
a natural substance derived from tropical trees, inhibits 
oncornaviral DNA polymerase activity in the presence of DTT. 
Their results suggested that this was a specific sulfhydryl 
inhibition.
Despite these reports, no thorough studies of sulfhydryl 
reactivity in oncornaviral reverse transcriptase have been pub­
lished. Since a more detailed study should provide useful in­
formation about the enzymatic properties of this protein, I 
undertook such an investigation. As outlined earlier, its pur­
poses were to answer specific questions concerning (1) the 
effects of sulfhydryl modification on the two enzymatic activi­
ties of reverse transcriptase, and (2) a possible role for 
sulfhydryl groups in polynucleotide binding by the enzyme. I 
report here the results of this investigation.
Avian myeloblastosis virus (AMV) was chosen as the 
source for reverse transcriptase. AMV is a typical avian on­
cornavirus, and the reverse transcriptase it contains is rep­
resentative of the oB class of enzyme (Spiegelraan et al., 1970; 
Garapin et al., 1970; Watson et al., 1973). However, AMV is a 
particularly attractive model for RNA tumor virus study, since 
it can be obtained in relatively large quantities from the
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plasma of chicks in the terminal stage of myeloblastic 
leukemia (see Carnegie et al., 1969; Kacian et al., 1971). 
This makes it possible to isolate sufficient quantities of 
reverse transcriptase to carry extensive studies.
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MATERIALS AND METHODS
Reagents
All inorganic chemicals were of analytical reagent 
quality, and organic chemicals were of the highest purity 
available. Carboxymethyl (CM) Sephadex C-50 and Sephadex 
G-50 were obtained from Pharmacia Fine Chemicals, while DE-52 
diethylaminoethyl (DEAE) cellulose, P-11 phosphocellulose, 
and DE-81 DEAE-cellulose filters (24 mm diameter) were pur­
chased from Whatman. Nitrocellulose filters of 0.45 ym pore 
size (25 mm diameter) were obtained from Amicon and Schleicher 
and Schuell.
Tritiated thymidine triphosphate, 60-95 Ci/mmole, was 
purchased from ICN Pharmaceuticals, unlabeled deoxyribonucleoside 
triphosphates and poly(dT) from P-L Biochemicals, poly(rA) 
from Miles Laboratories, and oligo(dT)j^2-i8 f^om Collaborative 
Research, Incorporated. Aquasol was a product of New England 
Nuclear, and NCS tissue solubilizer was supplied by Amersham- 
Searle. Scintillation fluids for non-aqueous materials were 
toluene based with fluors of PPO (0.39% w/v) and bis MSB 
(0.008% w/v); tissue solubilizer (2.5% v/v) plus water (0.35% 
v/v) were included as noted. N-ethylmaleimide was purchased
23
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from Aldrich Chemical Company, Incorporated, p-hydroxymer- 
curibenzoate, Trizma base, sodium deoxycholate, and DNase I 
from Sigma Chemical Company, Nonidet P-40 (NP-40) from 
Particle Date Laboratories, Incorporated, and nitrogen gas 
from Liquid Air,
Tritiated MC29 viral RNA, [^H]-poly(rA), and [^H]- 
poly(rA)*poly(dT) were prepared as described below.
All water used for reagents was glass distilled from 
distilled, deionized tap water. All NEM and pHMB solutions 
were prepared just prior to their use. DTT solutions of 
approximately 1 M were frozen and stored at -70*C, and were 
subjected to no more than two freeze-thaw cycles. The pH 
for all Tris buffers was measured at 25*C.
Virus
Avian myeloblastosis virus, BAI strain A, was obtained 
through the Office of Program Resources and Logistics, Viral 
Cancer Program, Viral Oncology Division of Cancer Cause and 
Prevention, National Cancer Institute, from Dr. Joseph Beard, 
Life Sciences Incorporated, St. Petersburg, Florida. It was 
purified from frozen chick plasma as previously described 
(Carnegie et al., 1969; Kacian et al., 1971),
Reverse Transcriptase Preparation
AMV RNA-directed DNA polymerase was prepared from puri­
fied virions by a modification of the method of Kacian et al., 
(1971), using ion exchange chromatography and glycerol gradient
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centrifugation. Virus from approximately 400 ml of plasma 
was purified (Carnegie et al., 1969; Kacian et al., 1971) 
and disrupted by the addition of Nonidet P-40 (NP-40) to 
6.71 (v/v) and KCl to 0.8 M, as described (Kacian et al., 
1971). The mixture was mixed well and incubated at 0®C for 
45 minutes. It was then centrifuged for 20 minutes in a 
Sorvall HB4 rotor at 0.5*C and 12,000 rpm (23,000 x g) to 
remove precipitated RNA and proteins. The pellet thus ob­
tained was washed once with a solution containing 1.6 ml of 
10 mM Tris-HCl (pH 7.4), 100 mM sodium chloride, and 1 mM 
EDTA, 0.2 ml of 100% (w/v) NP-40, and 1.2 ml of 2 M KCl in 
order to recover an additional small amount of reverse tran­
scriptase. It was re-centrifuged, and the new pellet saved 
for RNA extraction. The two supernatant fractions were com­
bined and the mixture was diluted tenfold with a solution of 
cold 0.01 M potassium phosphate (pH 7.2), 51 (v/v) glycerol, 
and 3 mM DTT. The solution was applied at 4*C to a 1.5 x 10 
cm DEAE-cellulose column which had been previously equili­
brated with the same buffer, and the column was washed with 
100 ml of 0.05 M potassium phosphate (pH 7.2), 51 glycerol,
3 mM DTT. The reverse transcriptase was eluted with 0.3 M 
potassium phosphate (pH 7.2), 5% glycerol, and 3 mM DTT, and 
was collected in 1 ml fractions with a Buchler Fractomette 
200 fraction collector. DNA polymerase activity was deter­
mined with a poly(rA)«oligo(dT) template-primer as described 
below.
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The DEAE-cellulose activity peak was pooled and di­
luted fourfold with 0.01 M potassium phosphate (pH 8.0), SI 
glycerol, 0.21 NP-40, and 3 mM DTT, and was applied to a 0.9 
X 10 cm CM-Sephadex C-50 column which had been thoroughly 
equilibrated with the same buffer. The column was washed 
with 100 ml of 0.1 M potassium phosphate (pH 8.0), SI 
glycerol, and 3 mM DTT, and elution was done with 0.3 M 
potassium phosphate (pH 8.0), SI glycerol, and 3 mM DTT, 
collecting 1 ml fractions. The DNA polymerase activity 
was again assayed with poly(rA)*oligo(dT) template-primer 
as described below. Columns were maintained at 4*C, and 
flow rates were about 0.5 ml/minute.
The activity peak from the CM-Sephadex column was 
pooled and diluted with sufficient ammonium sulfate, satu­
rated at 4®C and pH 7.4 (pH for a 1:20 dilution), to attain 
a solution 651 saturated in ammonium sulfate at 4*C. After 
30-45 minutes at 0*C, the precipitated protein, which con­
tained most of the reverse transcriptase, was spun for 30 
minutes in a Sorvall HB4 rotor at 2®C and 12,000 rpm 
(23,000 X g). The supernatant was poured off and the pellet 
redissolved at 4®C in 0.5 ml of 0.3 M potassium phosphate 
(pH 8.0), 3 mM DTT. This was then carefully placed on 4.6 
ml of a 101 to 301 (v/v) glycerol gradient containing 0.3 M 
potassium phosphate (pH 8.0) and 5 mM DTT, and spun for 24 
hours at 50,000 rpm and 1®C in a Beckman SW 50.1 rotor. The 
gradient was dripped from the bottom of the nitrocellulose
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tube through a 20 g needle and collected in 12 drop (0.2 ml) 
fractions, which were kept at 0*C. DNA polymerase activity 
was determined with a poly(rA)*oligo(dT) template-primer and 
the peak was pooled, mixed 1:1 with glycerol, and stored at 
-20*C. Purity of the enzyme obtained by this method was 
judged to be greater than 95% as no contaminants were de­
tectable by SDS-polyacrylamide gel electrophoresis, even 
with enzyme quantities as high as lOpg.
60S AMV RNA Preparation
High molecular weight 60S AMV RNA was prepared from 
detergent-disrupted virions by phenol extraction and glycerol 
density gradient centrifugation. After disruption of the 
virions, extraction of reverse transcriptase, and centrifuga­
tion as described above, the RNA-containing pellet was twice 
extracted using redistilled phenol with 0.11 (w/v) 8- 
hydroxyquinoline, which had been equilibrated first with 
O.S M Trizma Base and then with a solution containing 10 mM 
Tris»HCl (pH 8.8), 100 mM sodium chloride, and 1 mM EDTA.
(The equilibration was considered complete when the aqueous 
phase had a pH above neutrality.) The aqueous fractions from 
the phenol extractions were combined and the RNA precipitated 
at -20*C with the addition of 0.1 volume of 4 M sodium chlo­
ride and 2 volumes of absolute ethanol. The resulting precipi­
tate was centrifuged at for 60 minutes in a Sorvall HB4 rotor 
at -10*C and 12,000 rpm (23,000 x g), dried, redissolved to a
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concentration of about 1 mg/ml with a solution of 20 mM 
Tris-HCl (pH 7.4) and 10 mM EDTA, and then again precipitated 
in sodium chloride/ethanol. RNA concentrations were deter­
mined by their absorbance at 260 nm, assuming 20 absorbancy 
units/mg at that wavelength. After recentrifugation, the 
pellet was dried and redissolved to not more than 2 mg/ml in 
20 mM Tris-HCl (pH 7.4), 15 mM EDTA, 0.21 (w/v) SDS. No more 
than 0.4 ml of this solution was carefully layered onto a 
11.8 ml 101 to 30% (v/v) glycerol gradient containing 10 «M 
Tris-HCl (pH 7.4), 100 mM sodium chloride, and 5 mM EDTA. It 
was then centrifuged for 3 hours at 40,000 rpm and 2*C in a 
Beckman SW 41 rotor. The gradient was collected in 0.5 ml 
fractions from the bottom of the nitrocellulose tube by drip­
ping through a 20 g needle. The fractions were maintained at 
0*C. The RNA was located via the absorbance at 260 nm, and 
the peak fractions containing the 60S RNA were pooled. The 
higher molecular weight fractions, which contain aggregates 
of the 60S species (Olsen, Hill, and Watson, unpublished ob­
servations) were pooled separately. Both pools were precipi­
tated with 0.1 volume of 4 M sodium chloride and 2 volumes of 
absolute ethanol, and stored at -20*C.
Preparation of [^H]-poly (rA) and [^H]-poly (rA)« poly (dT)
Tritiated poly(rA)«poly(dT) was prepared from commer­
cial poly(dT) and [3h ]-ATP with E. coli RNA polymerase. The 
RNA polymerase, purified by the method of Burgess (1969) 
through 2 glycerol velocity gradients, was isolated from
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mechanically disrupted E. coli MRE 600. The reaction (0.5 ml) 
contained SO mM Tris-HCl (pH 7.9), 0.4 mM potassium phosphate 
(pH 8.0), 0.15 M sodium chloride, 0.8 mM manganese chloride,
0.1 mM EDTA, 5 mM DTT, 50 mg bovine serum albumin, 5% (v/v) 
glycerol, 0.15 mM [^HJ-ATP (5 x 10^ cpm/p mol), 2 mg poly(dT), 
and 5 mg of the partially purified E. coli RNA polymerase.
After a 90-minute incubation at 37®C, the reaction was termi­
nated by adding sodium dodecyl sulfate (SDS) to a 1% (w/v) 
final concentration. The RNA product was extracted with phenol, 
precipitated with ethanol, and redissolved in 10 mM Tris-HCl 
(pH 7.4), 0.3 mM sodium chloride, 3 mM EDTA, and 0.1% SDS. The 
unreacted mononucleotides were removed by gel exclusion 
chromatography on a Sephadex G-50 column in the absence of 
salt. The [^H]-poly(rA)»poly(dT) collected from the excluded 
volume of the column, was then precipitated at -20*C with 2 
volumes of absolute ethanol and 0.1 volume of 4 M NaCl.
[3h ]-poly(rA) was prepared from [^HJ-poly(rA)*poly(dT) 
by a DNase I digestion. After phenol extraction, the [^H]- 
poly(rA)«poly(dT) was ethanol precipitated and redissolved in 
50 mM Tris-HCl (pH 7.4) and 3 mM magnesium chloride. DNase I 
was added to 50 vg/ml, and the reaction mixture incubated at 
37®C for 90 minutes. The RNA was SDS-phenol extracted, and 
the [3h ]-poly(rA) separated from the digestion products on a 
Sephadex G-50 column in the absence of salt. The [^HJ-poly(rA) 
from the excluded volume of the column was then ethanol pre­
cipitated at -20*C. The product was shown to be free of
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oligo(dT) primer fragments by the lack of poly(dT) synthesis 
in a standard reverse transcriptase assay in which no primer 
was added.
Preparation of 60S [^H]-Avian Leukosis Virus RNA
A radiolabeled natural tumor virus RNA was produced 
for use in enzyme-polynucleotide binding studies. MC29 tumor 
virus complex was grown in tissue culture by infection and 
transformation of Japanese quail cells. Labeling was per­
formed by two additions of [^H]-uridine (25.6 Ci/mmole) 
separated by eight hours. Virus was harvested at 11, 14, and 
17 hours after the first addition of uridine. The collections 
were pooled and concentrated at 4®C by a 30-minute centrifuga­
tion at 26,000 rpm through a 20% sucrose pad containing 10 mM 
Tris-HCl (pH 7.5) and 100 mM sodium chloride in a Beckman SW 27 
rotor. The virus was resuspended and disrupted with 10 mM 
Tris-HCl (pH 7.5), 1% (w/v) SDS, and 125 ug/ml Proteinase K 
by incubation for 4 minutes at 37®C followed by 5 minutes at 
room temperature. After adding sodium chloride to 0.5 M, the 
material was applied to an oligo(dT)-cellulose column, to which 
it binds by merit of a poly(rA) tract on the 3'-end of the RNA. 
Application, washing, and elution of the viral RNA were per­
formed as described (Bantle et al., 1976). The [^H]-RNA was 
detected by measurement of radioactivity. The fraction removed 
in the absence of salt is the poly(rA)-containing viral RNA. 
This fraction was pooled, precipitated in ethanol, redissolved, 
and the 60S RNA was separated on a glycerol sedimentation
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gradient as described above for AMV RNA. The [^H] - RNA was 
again detected by measurement of radioactivity, and the 60S 
fractions pooled, precipitated in ethanol, and stored at -20®C 
as described above. The final specific activity was lO^cpm/yg.
The mass of the RNA was determined by measuring the 
absorbance at 260 nm and assuming that 20 absorbancy units 
equal 1 mg of RNA at that wavelength. The radioactivity was 
determined by liquid scintillation counting as follows: A
sample of the RNA was spotted onto a nitrocellulose filter 
and the filter dried. It was then placed in a vial with 3 ml 
of PPO/bis MSB scintillation fluid (which contained no tissue 
solubilizer) and counted in a Beckman LS 230 liquid scintilla­
tion counter. The counting efficiency was in the 401 to 601 
range.
Standard RNA-directed DNA Polymerase Assays
Assays were carried out in buffered salt-containing 
solutions with a template-primer, appropriate deoxyribonucleoside 
triphosphates, a reducing agent, and an inhibitor as noted.
All reaction mixtures were prepared at 0*C. Two standard assays 
were used in this investigation; one with the natural RNA 
template-primer and the other with a synthetic homopolymeric 
template-primer. These reactions contained 50 mM Tris-HCl 
(pH 8.3), 40 mM potassium chloride, 10 mM magnesium chloride,
DTT as described, and 0.1 mM tritiated thymidine triphosphate 
and 0.5 yg poly(rA) annealed to 0.1 yg (dT)i2-l8' (b) 0.2 mM
each of deoxyadenosine, deoxycytidine, and deoxyguanosine
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triphosphates, and 1-2 yg 60S AMV RNA. Specific activities 
of 20-50 cpm/pmole [^HJ-TTP were employed in the poly(rA)» 
oligo(dT) reaction, while a 400-500 cpm/pmole mixture was 
used with natural AMV RNA. Reverse transcriptase, pHMB, 
and NEM concentrations are shown in the figures and their 
legends. One unit of polymerase activity is defined in this 
report as the amount of reverse transcriptase which catalyzes 
the incorporation of 1 nmole of TMP into DNA in 10 minutes at 
40*C with a polyCrA)*oligo(dT) template-primer. The standard 
assay volume was 100 yl.
Reactions were incubated at 40®C for 10 minutes with 
the poly(rA)»oligo(dT)-directed polymerase reaction and 15 
minutes with the AMV RNA-directed polymerase reaction. The 
reactions were shown to have linear kinetics under these condi­
tions. Reactions were terminated by withdrawing 90 ml from 
each reaction and spotting that onto numbered DE-81 filters.
Once absorbed, that filter was immersed in a 50 ml solution of 
5% (w/v) sodium dihydrogen phosphate. The filters from one 
reaction sequence were all placed in one solution. The filters 
were washed seven times in 50 ml of 51 (w/v) disodium hydrogen 
phosphate, dried, and counted individually in 3 ml of PPO/bis-MSB 
scintillation fluid with tissue solubilizer, using a Beckman LS- 
250 liquid scintillation counter. Counting efficiencies of 40% 
to 601 were obtained by this method, and background levels for 
the filters were generally 30-80 cpm in this assay.
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Standard RNase H Assay
RNase H activity was determined by a modification of 
the procedure of Cleaver and Boyer (1972). Standard reac­
tions contained SO mM Tris-HCl (pH 8.3), 40 mM potassium 
chloride, 1 mM DTT, 200 pmoles (of nucleotide residues)
[3h ]-poly(rA) annealed to 200 pmoles poly(dT), and an amount 
of reverse transcriptase which produced 351 acid solubiliza­
tion of the [^H]-poly(rA) in 8 minutes at 40*C (0.1 to 0.2 
units of poly(rA)»oligo(dT)-directed polymerase activity).
The specific activity of the [^H]-poly(rA)*poly(dT) employed 
was 30-50 cpm/pmole, and the standard reaction volume was 
100 111. The reactions were incubated at 40®C for 8 minutes, 
and showed linear kinetics both in the presence and absence 
of inhibitors.
Reactions were terminated by the sequential addition 
of (a) 100 yg of calf thymus DNA in 100 yl of sodium chloride- 
sodium citrate buffer (Cleaver and Boyer, 1972) and (b) 200 yl 
of 2 M HCl. The mixtures were incubated at 0*C for 15 minutes 
to allow complete precipitation of the polynucleotides, at 
which time 180 yl was withdrawn and mixed with 3 ml of Aquasol 
for determination of the total radioactivity present. The 
remainder was centrifuged for 15 minutes in a Sorvall HB4 
rotor at 0®C and 12,000 rpm (23,000 x g), after which another 
180 yl sample was removed, mixed with 3 ml of Aquasol, and 
counted. The second sample is used to measure the degraded 
acid-soluble material. Comparison of the first and second
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samples, with background levels subtracted from each, gives 
the percent of [^H]-poly(rA) hydrolyzed by RNase H. Back­
ground levels of radioactivity were determined from blank 
assays, which contained no enzyme. Typically, less than 31 
of the total input radioactivity was found to be acid-soluble 
material.
Standard Enzyme-Nucleic Acid Binding Reactions
Assays for enzyme-polynucleotide binding were carried 
out in 100 yl solutions containing 50 mM Tris-HCl (pH 8.3),
40 mM potassium chloride, 10 mM magnesium chloride, 1 mM DTT, 
and 1 unit of reverse transcriptase, with the template, primer, 
four deoxyribonucleoside triphosphates (0.2 mM), and an in­
hibitor (S mM) as noted. Assays were incubated at 0**C for not 
less than 5 minutes, and were then diluted with 1 ml of a 
buffer containing SO mM Tris-HCl (pH 8.3), 40 mM potassium 
chloride, and 10 mM magnesium chloride. They were immediately 
poured onto nitrocellulose filters which had been soaked and 
washed with the same buffer. The assay solutions were passed 
through the filters with gentle suction at a maximum flow rate 
of 4 ml/minute after which the filters were washed three times 
with 2 ml of the same buffer. After being thoroughly dried, the 
radioactivity retained on the filters was determined in toluene- 
based PPO/bis-MSB scintillation fluid with no tissue solubilizer 
Each reaction was run with an appropriate control which con­
tained all reagents found in the experimental reaction except 
the inhibitor. Reactions containing all reagents except enzyme
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were run to determine background levels.
Removal of DTT from Reverse Transcriptase
DTT was removed from purified AMV reverse transcrip­
tase by one of two methods. The first was through ion-exchange 
chromatography on CM-Sephadex C-50. Samples of purified re­
verse transcriptase in 0.15 M potassium phosphate (pH 8.0) and 
601 glycerol were diluted with nine parts 0.01 M potassium 
phosphate (pH 7.2), 20% (v/v) glycerol, and 1 mM DTT to bring 
the concentration of potassium phosphate dovm to 0.024 M. The 
enzyme-containing solution was then applied to a 0.5 cm x 5 cm 
CM-Sephadex column which had been previously equilibrated with 
0.024 M potassium phosphate (pH 7.4), 201 glycerol, and 1 mM 
DTT. After the solution had passed through, leaving the enzyme 
bound to the Sephadex, the column was washed with a deoxygenated 
solution of 0.024 M potassium phosphate (pH 7.2) and 20% 
glycerol. Elution of the enzyme was carried out with a deoxy­
genated solution of 0.30 M potassium phosphate (pH 7.2) and 20% 
glycerol. Samples were collected in 13 mm x 100 mm glass test 
tubes which were immediately removed, stoppered with serum 
caps, and deoxygenated through a syringe needle. The frac­
tions were assayed for DTT and for RNA-directed DNA polymerase 
activity using a poly(rA)-oligo(dT) template-primer.
Solutions and samples were deoxygenated by exposing 
them to alternate cycles of evacuation followed by introduction 
of deoxygenated nitrogen gas. A schematic diagram of the
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system used for this is shown in Figure 5. The method used 
to deoxygenate the nitrogen, which contained up to 10 ppm 
oxygen according to the supplier, was to bubble it through 
two successive solutions of 0.1 M 1,2,3-trihydroxybenzene 
in 0.1 M NaOH (alkaline pyrogallol). This is a commonly used 
chemical system for deoxygenation of gasses (Noller, 1965).
The second system for removing DTT from reverse trans­
criptase employed precipitation with ammonium sulfate. A 
sample containing at least 100 pg of reverse transcriptase 
was diluted with an aqueous solution of ammonium sulfate, 
saturated at 4*C and pH 7.4 (pH for a 1:20 dilution) to give 
a solution 651 saturated in ammonium sulfate at 4*C. This 
was allowed to sit for two hours at 0*C, after which it was 
centrifuged for 45 minutes in a Sorvall HB4 rotor at 0*C, 
arid 12,000 rpm (23,000 x g). The supernatant was poured off 
and the remaining liquid was aspirated from the tube. An 
additional 5 ml of 651 saturated ammonium sulfate was then 
added, and after mixing, the solution was centrifuged for 15 
minutes in a Sorvall HB 4 rotor at 0®C and 12,000 rpm. The 
supernatant was again poured off and the tube aspirated.
The precipitated reverse transcriptase was then redissolved 
in a cold solution of 0.3 M potassium phosphate (pH 8.0) con­
taining 20% (v/v) glycerol. After allowing the enzyme to 
redissolve for 10 minutes at 0*C, the mixture was diluted 1:1 
with glycerol and the preparation was immediately used. A 
high sensitivity DTT assay (see below) revealed no observable
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HOOD MERCURY
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DEOXYGENATORS CONTAINING 
ALKALINE PYROGALLOL 
(1,2,3-TRIHYDROXYBENZENE)
Figure 5. Apparatus used for removing oxygen from 
“ samples and reagents. Deoxygenerators
contained solutions of 0.1 M 1,2,3- 
trihydroxybenzene (pyrogallol) in 0.1 M 
NaOH. Cold trap was immersed in a dry 
ice acetone bath. The vacuum was main­
tained at one torr or less.
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DTT in the second ammonium sulfate supernatant using this 
technique.
Standard Assay for the Presence of DTT
Dithiothreitol was determined by a modification of 
the method of Ellman (1959) using S,S*-dithiobis(2-nitroben- 
zoic acid) . This compound, abbreviated DTNB, is an easily 
reduced water soluble disulfide, which appears pale yellow 
in concentrated solutions. Upon reduction, the molecule is 
split into two molecules of 5-thio-2-nitrobenzoic acid (TNB). 
TNB is an intense yellow compound with a molar absorptivity 
of 13.6 X 10^ cm-1 at 412 nm (Ellman, 1959). Since DTNB 
is readily reduced by sulhydryl groups, the appearance of 
TNB provides a sensitive and accurate spectrophotometric assay 
for sulfhydryl groups. Sulfhydryl concentrations of 10-100 uM 
will thus produce absorbance values of 0.136 to 1.36 at 412 nm.
In the high sensitivity assay for DTT, a 100 yl sample 
of the unknown was added to a solution containing 1 ml of 
water and 10 yl of 0.1 M DTNB in 0.3 M potassium phosphate 
(pH 8.0). This would provide a tenfold excess of DTNB for 
a sample which contained 1 mM DTT. The samples were incubated 
for 15 minutes at room temperature, following which the ab­
sorbance at 412 nm was read in a Gilford 2000 spectrophotometer 
An initial sample concentration of 1 mM DTT would give an 
absorbance at 412 nm of 2,45 by this method. Since spectro- 
photometric measurements are most accurate between absorbances
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of 0.2 and 0.8 (Ewing, 1969), this assay was used only when 
sensitivity was more important than accuracy.
In the high accuracy assay for DTT, 100 yl sample 
volumes containing a maximum concentration of 1 mM DTT 
(0.1 ymole DTT) were incubated at room temperature for 5 
minutes with 10 yl of 0.1 M DTNB in 0.3 M potassium phosphate 
(pH 8.0) (1.0 ymole DTNB). The reactions were diluted to 
S.00 ml with water and allowed to incubate an additional 10 
minutes. The absorbance was then read at 412 nm in a Gil­
ford 2000 spectrophotometer. An initial sample concentration 
of 1 mM DTT would give an absorbance of 0.544 at 412 nm in 
this assay.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER III 
RESULTS
Air Oxidation of Sulfhydryl Groups
In the initial experiment, DTT was removed from a 
purified sample of enzyme by ion exchange chromatography, 
and the stability of the DNA polymerase activity in both the 
presence and absence of oxygen was monitored with poly(rA)* 
oligo(dT). It was found that degassing the chromatography 
solutions to remove oxygen was essential for maintaining 
enzymatic activity in the absence of DTT. When non degassed 
solutions were used, less than 4t of the input polymerase 
activity was recovered from the column immediately after elu­
tion of the enzyme. By six hours after elution, no activity 
could be detected by either a standard poly(rA)»oligo(dT)- 
directed polymerase reaction or a standard RNase H reaction, 
even when those reactions contained DTT at concentrations of 
10 or 100 mM. In contrast, 331 of the input DNA polymerase 
activity was recovered from columns in which the solutions 
had been degassed to purge them of dissolved oxygen. A 
typical polymerase activity profile is shown for such a 
column in Figure 6, along with the DTT elution profile (de­
termined with the high sensitivity DTT assay).
40
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Figure 6. Removal of DTT from purified AMV reverse 
transcriptase on a CM-Sephadex column. 
Open circles are standard DTT assays 
(left ordinate) and closed circles are 
standard poly(rA)*oligo(dt)-directed 
polymerase assays. Fractions 22-24 
were pooled for the air oxidation study.
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After removing the DTT under anaerobic conditions, 
the tubes containing the polymerase activity peak were 
pooled and mixed 1:1 with glycerol. The glycerol concen­
tration was thus raised to 60%, the same level we normally 
maintain in purified reverse transcriptase preparations.
The pool was then divided into fourths. Two of these tubes 
were kept under deoxygenated nitrogen (at slightly over 
ambient atmospheric pressure), while the other two were 
opened to the surrounding air. To one of the nitrogen atmo­
sphere tubes and one of the air atmosphere tubes, DTT was then 
added to a concentration of 1 mM, while the other two tubes 
were left unchanged. All four were then stored at -20®C, the 
temperature at which we normally store purified reverse trans­
criptase.
After one week, the four fractions were assayed for 
polymerase activity, both with and without 1 mM DTT included 
in a standard poly(rA)*oligo(dT)-directed assay. The results 
showed that (1) when the enzyme was stored with 1 mM DTT, 
polymerase activity was maintained under both aerobic and 
anaerobic conditions, and (2) %dien the enzyme was stored 
without DTT, polymerase activity was maintained under anaerobic 
conditions, but was almost entirely lost under aerobic condi­
tions (Figure 7). With aerobic storage and no reducing agent, 
less than 2% of the control value was seen in the assay that 
lacked DTT and only 8% of the control value was observed in 
the assay which contained 1 mM DTT. In the stored fractions
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Figure 7. Effects of oxygen and DTT on DNA polymerase activity. Purified reverse transcriptase from AMV was 
stored for one week at 20*C in 60% glycerol and 0.15 M KFO4 (pH 8.0). (1) with ImM DTT under air;
(2) without DTT under air; (3) with 1 mM DTT under deoxygenated nitrogen; and (4) without DTT under 
deoxygenated nitrogen. DMA polymerase assays were performed similarly to the standard assays. Each 
contained 50 mM Tris-HCl (pH 8.2), 100 aH KCl, 8 nM MgCl2, 100 M l̂ Hj-TTP, 200 M ATP, 2.0 yg poly(rA) 
annealed to 1.6 ug ‘̂'̂ 12-18'* 0.15 units of reverse transcriptase (activity prior to storage).
Assay volume was 100 yl. In addition, 0.1 ymole of DTT was added to the assays shown in the columns 
labeled (a). The highest value observed (lb) was taken as the 100% control value.
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which either lacked DTT or contained deoxygenated nitrogen, 
the inclusion of 1 mM DTT in the assay mixture resulted in 
a 6 to 20 percentage point increase in the observed activity 
over the corresponding assay which lacked DTT. In the stored 
fraction which containing air and 1 mM DTT, the assay mixture 
with DTT added was 5 percentage points lower than the corres­
ponding mixture with DTT not added.
DTT Solution Chemistry and the Stoichiometry of its Reactions 
With pHMB and NEM
Inhibition of the polymerase and RNase H activities 
of AMV reverse transcriptase by NEM and pHMB have been re­
ported by Leis et al. (1973b and 1973c) under conditions in 
which exogenous DTT was omitted from the reactions. However, 
purified reverse transcriptase is stored in the presence of 
DTT, so their experiments may have contained a significant 
amount of the reducing agent carried over with the enzyme.
In order to investigate the behavior of the enzyme in the 
presence of approximately 1 mM DTT, it was first necessary 
to accurately determine both the concentration of stock DTT 
solutions and the rate of air oxidation of dilute assay solu­
tions. It was also necessary to establish that the bivalent 
DTT does in fact react with univalent pHMB and NEM with 1:2 
stoichiometry.
The actual concentration of a stock DTT solution was 
first determined experimentally with a high accuracy DTT assay
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(This was necessary because commercial crystalline DTT is 
generally not anhydrous.) It was found that a solution of 
DTT that was meant to be 1 M was actually 0.85 M. Standard 
high accuracy assays were then used to determine the rate 
at which DTT was oxidized by air under DTT, salt, and 
hydrogen ion concentrations identical to those in the standard 
assays. At 0"C, a decrease of 0.11 mM DTT/hr was observed, 
while at 40*C, the rate was 0.18 mM in the first IS minutes 
and 0.19 mM in the next 30 minutes (Table 2).
Standard high accuracy DTT assays were also used to 
determine the reactions of DTT with pHMB and NEM. Each of 
the inhibitors was incubated with DTT at the same pH and 
with the same concentrations of salts and DTT as used in the 
standard DNA polymerase and RNase H assays. Incubations of 
0®C for 15 minutes and 0®C for 15 minutes plus 40*C for 1 
minute were examined. Following the incubation, the reactions 
were assayed for remaining DTT. Both pHMB and NEM were found 
to react with the expected stoichiometry of one molecule of 
DTT to two molecules of inhibitor, and the two incubation 
schemes were found to not differ significantly (Figure 8).
The inhibitor solutions had been made up and the con­
centrations determined on the assumption that the crystalline 
solids were anhydrous and pure. Although this appears to be 
correct for NEM, these experiments indicated that the pHMB 
solutions were only about 80% to 85% as concentrated as expected 
probably because of a 15% to 20% moisture content in the solid.
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TABLE 2
STABILITY OF A DILUTE DTT SOLUTION TO 
AIR OXIDATION
Incubation Conditions DTT
0®C
0 min. 0.86 mM
60 Din. 0.75 mM
180 min. 0.54 mM
40»C
0 min. 0.86 mM
15 min. 0.68 mM
45 min. 0.49 mM
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Figure 8. Reaction of pHMB and NEM with DTT. DTT concen­
tration determined by standard assay with DTNB 
following the reaction of DTT with the inhibitor.
Inhibitor concentrations determined from 
anhydrous molecular weights, which overestimated 
the true pHMB concentration by 15-20%. See 
text. ♦  " "• , pHMB 15 min. at 0®C; 0— 0 ,
pHMB 15 min. at 0"C + i min. at 40*C; # — #,
NEM IS min. at 0°C; 0 — 0, NEM 15 min. at 0"C 
♦ 1 min. at 40®C.
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The pHMB concentrations reported below were corrected by 
assuming 851 purity of the pHMB.
The chemistry of pHMB and NEM with protein sulfhydryls 
and DTT is shown in Figures 3 and 4.
Inhibition of DNA Polymerase Activity
The DNA polymerase activity of aB AMV reverse trans­
criptase was examined in the presence of pHMB and NEM using 
the standard assay. All reagents were mixed at 0°C and the 
inhibitor was added last. The mixtures, with the inhibitor 
included, were allowed to sit in ice for five minutes prior 
to the 40*C timed incubation.
The DTT concentration in the solutions results from 
two contributions: the "endogenous" DTT carried over with 
the purified reverse transcriptase, and the "exogenous" 
amount directly added to the reaction mixtures. The endogenous 
contribution is uncertain because storage of the purified 
enzyme will result in a gradual decrease in the preparation’s 
level of reduced DTT. It is impractical to measure this de­
crease, due to the large amounts of enzyme that would be 
sacrificed. The exogenous contribution may also be somewhat 
uncertain, as each batch of stock DTT may not have been 0.85 M. 
(Earlier measurements of stock DTT solutions under less accu­
rate spectrophotoraetric conditions yielded concentrations of 
0.90 M and higher.) However, degradation of the stock concen­
trated DTT solutions should be negligible with two freeze-thaw
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cycles. (Even with a rate of oxidation ten times higher than 
the dilute 0.85 mM solutions, the degradation of the 0.85 M 
solution at 0®C would only be 1 mmole per liter per hour, or 
less than 0.2% per hour.) Since the assay solutions were 
always made up fresh and used immediately afterwards, degrada­
tion in these would have been negligible also. Thus, a rea­
sonable approximation of the DTT concentrations can be made 
by assuming that the exogenous contribution ranged from 0.85 
to 0.90 mM and that the endogenous contribution was between 
0 and 2.25 mM (901 of 2.5 mM). For the poly(rA)«oligo(dT) 
reactions, each of which contained the equivalent of either 
2.5 yl (0.125 units) or 5 yl (0.25 units) of the purified 
enzyme, this would lead to a minimum of 0.85 mM and a maximum 
of 1.01 mM. For the AMV RNA-directed reaction, in which the 
equivalent of 10 yl (0.50 units) of the purified enzyme was 
used, the minima and maxima would be 0.85 mM and 1.12 mM.
Since the extremes seem unlikely (0.85 mM exogenous DTT with 
no endogenous DTT or 0.90 mM exogenous DTT with all possible 
endogenous DTT), a reasonable pair of estimates would be 0.90 
to 0.95 mM for the poly(rA)*oligo(dT)-directed reaction and 
0.90 to 1.05 mM for the AMV RNA-directed reaction.
pHMB. The standard assays contained either poly(rA)* 
oligo(dT) or 60S AMV RNA (with its endogenous tRNA primer),
DTT as described above, and pHMB as shown on the abcissa of 
Figure 9 (page 51). With the poly(rA)*oligo(dT) experiments, 
activity was seen to diminish linearly with increasing pHMB.
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Complete inhibition was observed at about 1.8 mM pHMB, the 
amount which would be required to completely titrate 0.9 mM 
DTT.
Substantially different results were observed in 
the experiments using AMV RNA as the template-primer. The 
initial inhibition with the natural template-primer was 
slightly less than that observed with poly(rA)»oligo(dT) at 
the same pHMB concentrations. However, at higher pHMB levels, 
the natural template-primer reactions were substantially more 
inhibited than those with the synthetic template-primer. The 
graph with AMV RNA as the template-primer had a steeper slope 
at these higher pHMB levels, and a lower concentration of pHMB 
was required for complete inhibition. At 1.5 mM pHMB, less 
than I I  of the control activity was observed, and at 1.7 mM, 
no activity remained. These values were substantially less 
than the 1.8 to 2.0 mM pHMB which would be needed to titrate 
0.9 to 1.0 mM DTT.
The kinetics of these reactions, both with and without 
pHMB, were found to be essentially linear for the first 10 
minutes of 40*C incubation, although the lines do not appear 
to converge at the origin (Figure 10). It was also found that 
polymerase activity could be partially regained after complete 
inhibition by pHMB. Up to 251 of the control values were ob­
tained when fresh DTT was added to these reactions. This shows 
that pHMB inhibition is partially reversible, as one would ex­
pect. (See pHMB chemistry in Figure 3.)
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Figure 9. Effect of pHMB on DNA polymerase activity.
Standard assays with natural and synthetic 
template primers. PHMB was added to complete 
reaction mixtures just prior to the 40*C 
incubation. 0— 0, poly (rA)* oligo(dT)- 
directed reactions containing 0.25 units of 
purified AMV DNA polymerase*RNase H per 
reaction; #  #, AMV RNA directed reactions
containing 0.50 units of enzyme per reaction. 
Controls were the reactions which lacked 
pHMB.
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Figure 10. Kinetics of poly(rA).oligo(dT)-directed 
DNA polymerase reaction at different 
pHMB concentrations. Standard assays 
were run at different levels of pHMB.
• , controls with no pHMB; 0-—O ,
0.5 mM pHMB, ■-- #, 1.0 mM pHMB;
□ G , 1.5 mM pHMB; # A , 2.0 mM pHMB,
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NEM. The pattern observed with NEM inhibition 
(Figure 11, page 56) is substantially different from that 
with pHMB. For both natural and synthetic template-primers, 
no inhibition is observed at NEM levels of up to 1.3 mM in 
reactions containing around 1 mM DTT. With poly(rA)*oligo(dT), 
one sees a gradual drop in activity as NEM is increased from 
1.4 to 2.0 mM, after which nearly complete inhibition is ob­
served. With the natural AMV RNA, no inhibition is observed 
at NEM concentrations of up to 1.8 mM NEM. Thus, the natural 
template-primer decreases the sensitivity of the polymeriza­
tion reaction to NEM inhibition, compared to the poly(rA)* 
oligo(dT) template-primer. This is in contrast to the reactions 
with pHMB, in which greater inhibition was observed with the 
natural template-primer at most pHMB concentrations. Maximum 
inhibition occurs at just over 2.0 mM NEM for both the natural 
and the synthetic template-primer. This is slightly above the 
concentration required to fully react with 0.9 to 1.0 mM DTT.
To show that the loss of activity was indeed due to NEM inhibi­
tion of the enzyme, rather than oxygen inhibition following the 
consumption of all DTT, a control experiment was performed.
DTT was removed from a purified enzyme sample by ammonium sul­
fate precipitation as described in materials and methods. The 
sample was redissolved and mixed with glycerol, and volumes 
containing 0.1 units of enzyme were immediately removed and 
placed into each of five tubes in three separate series. Two 
of the series contained standard assay mixtures which lacked
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DTT, while the other, a control series, contained standard 
assay mixtures which included DTT. The assays were prepared 
and then incubated at 0*C. At five minute intervals from 0 to 
20 minutes, one tube from each series was removed and incubated 
for 10 minutes at 40*C to measure the DNA polymerase activity 
(see Materials and Methods chapter). The results of the two 
identical series which lacked DTT were averaged and then com­
pared to the control series which contained DTT. The results 
showed that the DNA polymerase activity of the samples which 
lacked DTT ranged from 24% to 281 of the controls which con­
tained DTT (Table 3). Thus, even with a fourfold longer in­
cubation at 0®C than was used in the NEM experiments (20 min­
utes as opposed to S), the loss of activity from oxygen inhibi­
tion, a maximum of 76%, does not account for the loss of 
activity observed with NEM inhibition, which reached 96%.
The kinetics of DNA polymerization in the presence of 
as much as 2 mM NEM was shown to be linear for the first 10 
minutes of 40“ incubation for poly(rA)*oligo(dT)-directed 
reactions (Figure 12). At higher NEM concentrations, the 
rate of synthesis was greatest in the first 5 minutes, after 
which the rate dropped off sharply. Although the reaction of 
NEM with DTT occurs rapidly even at 0“C, reverse transcriptase 
inhibition by NEM appears to require as much as 5 minutes at 
40"C for the full effect to be seen. This would explain the 
observation that the inhibition did not rise above 96% in the 
NEM reactions. In spite of this, when the incorporation at
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TABLE 3
STANDARD DNA POLYMERASE ASSAYS IMMEDIATELY FOLLOWING 
DTT REMOVAL BY AMMONIUM SULFATE PRECIPITATION
0®C Incubation 
Time (min)
CPM 
No DTI
CPM 
DTT Controls
1 of 
Control
1
Inhibition
0 846 — — — —
5 918 3897 24 76
10 995 4241 24 76
15 1259 4750 27 73
20 994 3504 28 72
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Figure 11. Effect of NEM on DNA polymerase activity. 
Standard reactions with natural and synthetic 
template primers. NEM was added to complete 
reaction mixtures just prior to the 40*C 
incubation. 0 — 0, poly (rA)* ol igo(dT)- 
directed reactions containing 0.125 units of 
purified AMV reverse transcriptase per reac­
tion; #— #, AMV RNA directed reactions 
containing 0.50 units of reverse transcriptase 
per reaction.
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Figure 12. Kinetics of poly(rA) oligo(dT)-directed 
DNA polymerase reaction at different NEM 
concentrations. Standard assays were 
run at different levels of NEM, # #,
controls with no NEM; 0— 0, 1.5 mM NEM;
1.8 mM NEM; O--O , 2.0 mM NEM;
2.2 mM NEM; A--A , 2.4 mM NEM.
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the six NEM concentrations was replotted to show cpm vs. NEM 
concentration, the four curves representing the 5, 10, IS, 
and 20 minute incubation periods were all of the same basic 
shape as Figure 11.
Inhibition of RNase H Activity
The RNase H activity of AMV reverse transcriptase 
was examined in the presence of pHMB and NEM using the standard 
assay. All reagents were mixed at 0*C, and the inhibitor was 
either added last or second to last, with the RNA-DNA hybrid 
than added last. The mixtures were allowed to sit five minutes 
in ice just after the addition of the inhibitor and prior to 
the 40* incubation.
The DTT concentration in the RNase H assays again re­
sulted from the exogenous amount directly added and the endog­
enous amount carried over with the reverse transcriptase. The 
former should have again contributed 0.85 to 0.90 mM, while 
the latter should have contributed 0 to 0.07 mM. (Each RNase 
H assay contained 3 yl of a purified reverse transcriptase 
preparation containing 0 to 2.25 mM DTT.) Thus, the final DTT 
concentration should have been a minimum of 0.85 mM and a maxi­
mum of 0.97 mM.
pHMB. The standard assays contained DTT as discussed 
above and pHMB as shown (Figure 13). The two graphs, one for 
pHMB added last and the other for pHMB added second to last are 
very similar down to 0.6 or 0.7 mM pHMB. Up to that point, an
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
100
-Io
a:
8
80
60
Ü.O 40
Z
Lüo  20
LÜ
0_
0.5 1.0 1.5
P H M B  (mM)
2.0
Figure 13. Effect of pHMB on RNase H activity 
using standard assays. 
addition of pHMB to complete stan­
dard assay; 0— 0, penultimate 
addition of pHMB (proceeding the 
substrate).
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initial slow decline in activity, followed by a rapid drop, 
is observed for increasing pHMB concentrations. Following 
the rapid decline, both curves show more gradual activity 
losses, but the curve representing addition of pHMB last has 
the gentler slope of the two. Complete inhibition occurs at 
or below 1.3 mM when pHMB is added prior to substrate, while 
about 2 mM is required for complete inhibition when pHMB is 
the last reagent added. The latter may correspond to complete 
titration of the DTT, while the former is definitely well 
below the required level.
NEM. A set of parallel assays run with NEM produced 
much different results (Figure 14). When NEM was added prior 
to the substrate, a gradual linear decrease in activity was 
observed for NEM levels of up to 2 mM, wherein a sharp loss 
of activity occurred. No activity was seen at NEM concentra­
tions above 2.4 mM. However, when NEM was the final substance 
added to the assays, full activity was observed even at a con­
centration of 3 mM. As the NEM concentration was raised 
further, a gradual linear decline in activity was seen. This 
decline shifted to a more gentle slope between 6 and 8 mM NEM, 
and complete inhibition was not observed until 14 mM. The 
addition of substrate prior to NEM thus causes a dramatic de­
crease in the sensitivity of the RNase H reaction to inhibi­
tion by NEM under the assay conditions employed here.
Effects of pHMB and NEM on RNA-binding by Reverse Transcriptase
The two enzymatic activities of reverse transcriptase
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Figure 14. Effect of NEM on RNase H activity using standard 
assays. * — *  , addition of NEM to complete 
standard assay; 0— 0, penultimate addition of 
NEM (proceeding the substrate).
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are dependent on the formation of a complex between the pro­
tein and an appropriate polynucleotide. To examine the pos­
sible role of sulfhydryl groups in formation and maintenance 
of this complex, separate studies were undertaken using S mM 
concentrations of pHMB and NEM in the presence of 1 mM DTT. 
The experiments measured and compared the capability of the 
enzyme to bind synthetic and natural template-primers in both 
the absence and the presence of sulfhydryl reagents. A 
nitrocellulose-filter binding technique was used in these 
experiments, with conditions similar to those of Grandgenett 
(1975, 1976). This assay takes advantage of a property held 
by nitrocellulose filters to bind and retain both proteins 
and protein-nucleic acid complexes, while allowing most free 
nucleic acids to pass through. The technique has the advan­
tages of being rapid, sensitive, and convenient, but has the 
disadvantage that some filter lots tend to bind both poly(rA) 
and poly(rA)-containing RNA (see Brawerman et al., 1972).
This can pose a problem with oncornaviral RNAs, since the 
3'-terminus of these molecules contains a poly(rA) tract 
(see Wang and Duesberg, 1974). Initial studies using 0.45 pm 
filters supplied by Schleicher and Schuell confirmed Brawer­
man' s report of poly(rA) binding in the absence of protein. 
Filters of the same type but purchased from Amicon gave sat­
isfactory results, however. Low levels of binding in the 
absence of reverse transcriptase were seen, and consistent, 
reproducible results were observed with both controls which
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lacked an inhibitor and samples which contained an inhibitor. How­
ever, with the consumption of the filters on hand and the pur­
chase of a new lot, problems again developed. These were 
characterized by erratic, non-reproducible binding of the 
nucleic acid both in the presence and absence of enzyme. The 
purchase of a new lot of Amicon filters led to no improvement.
As a result, a complete series of binding experiments has not 
been possible. The data presented here is from the earlier 
filter lot, and represents experiments which were repeated 
with consistent results. Recent reports by Lee and Hung (1977) 
indicate that Millipore type HA 0.45 ym filters give satisfac­
tory results with both poly(rA)-containing oncornaviral RNA 
and poly(rA) itself. This may provide the solution to this 
problem, although these too may be lot dependent.
The binding experiments were grouped into four main 
categories on the basis of the inhibitor and the template 
used. These were, (1) pHMB with natural RNA, (2) pHMB with 
synthetic RNA, (3) NEM with natural RNA, and (4) NEM with 
synthetic RNA. The natural RNA used for these studies was 
60S [3h ]-MC29 leukemia virus RNA, which contains an endoge­
nous tRNA primer. Two syntehtic RNAs were employed, one 
lacking and the other containing a primer. These were 
[^H]-poly(rA) and [^H]-poly(rA)«oligo(dT), made by annealing 
[3h ]-poly(rA) to oligo(dT) in a mononucleotide ratio of 5:1.
The reason for employing both polynucleotides was to deter­
mine whether the nucleic acid-enzyme complex would have
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different sensitivities to sulfhydryl inhibition in the 
presence and absence of primer.
All groups were studied both with and without 
deoxyribonucleoside triphosphates in the assay mixtures, 
and all groups were examined with the sulfhydryl inhibitor 
added both prior to and subsequent to the addition of the 
polynucleotide. In all sequences, it was shown that the 
addition of inhibitor to blank assay mixtures (those contain­
ing all reagents but enzyme) had no effect on the background 
level of [3H]-RNA bound to the filters (the RNA bound in the 
absence of enzyme). Separate controls were performed as part 
of each assay, and all assays were normalized by setting con­
trol values at 100%.
pHMB. In the first experiment, [^H]-poly(rA) was 
added to purified AMV reverse transcriptase before and after 
the addition of pHMB. When added last, 5 mM pHMB induced 
more than an 80% loss of [^H]-poly(rA) binding ability in the 
absence of deoxyribonucleoside triphosphates, and more than a 
95% loss in their presence (Figure 15, page 66). When the 
pHMB was added second to last, proceeding the polynucleotide, 
complete loss of template-binding ability was observed, both 
with and without the inclusion of deoxyribonucleoside 
triphosphates (Figure 15). The results with [^HJ-poly(rA)* 
oligo(dT) were similar when pHMB was added last. A greater 
than 85% loss of template binding was observed in the absence 
of deoxyribonucleoside triphosphates, and somewhat less than
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a 95% loss was found in their presence (Figure 16). However, 
when pHMB was added prior to the polynucleotide, greater than 
95% but less than 100% inhibition was observed both with and 
without deoxyribonucleoside triphosphates (Figure 16).
With natural [3h ]-MC29 60S RNA, the enzyme showed sub­
stantially less sensitivity toward 5 mM pHMB than with synthetic 
RNA (Figure 17). When pHMB was the last reagent added less 
than 60% inhibition was observed in the absence of deoxyribonuc­
leoside triphosphates, and in their presence, only 40% inhibi­
tion was observed.
NEM. The effects of NEM on template binding were 
parallel to those of pHMB, although the results were far less 
dramatic. Binding between the enzyme and [5h ]-poly(rA) was 
diminished by 5 mM NEM (Figure 18), but much less so than with 
pHMB (Figure 15). When the inhibitor was added last, a 5% loss 
of template binding was observed in the absence of deoxyribonuc­
leoside triphosphates, while slightly less than 25% was lost in 
their presence. Addition of NEM prior to the [^H]-poly(rA) 
resulted in a loss of more than 40% of the template binding 
ability with no deoxyribonucleoside triphosphates present, and 
more than 90% in their presence. This is in strong contrast 
to the complete inhibition observed with pHMB.
NEM had less effect on binding assays containing 
[3H]-MC29 RNA than those employing either primed or unprimed 
[3h ]-poly(rA). When NEM was added last, less than 5% of the 
complex was dissociated in the absence of deoxyribonucleoside
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triphosphates, and less than 101 was dissociated in their 
presence (Figure 19).
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Figure 15. Effect of pHMB on binding between (^H)-poly(rA) 
and reverse transcriptase. I. Inhibitor added 
last to standard reactions; a) controls con­
taining no pIfMB, b) pHMB with no deoxyribonu- 
cleoside triphosphates, c) pHMB with deoxyri- 
bonucleoside triphosphates. 2. Inhibitor added 
to standard reactions prior to RNA; a) con­
trols containing no pHMB, b) pHMB with no 
deoxyribonucleoside triphosphates, c) pHMB 
with deoxyribonucleoside triphosphates.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
68
100
z  80
3OOQ 60 
I-
a 40
q :
œ 20
la Ib le 2 g 2b 2c
Figure 16. Effect of pHMB on binding between f^H]-polyCrA) 
oligo(dT) and reverse transcriptase. 1. In­
hibitor added last to standard reactions;
a) controls containing no pHMB, b) pHMB with 
no deoxyribonucleoside triphosphates, c) pHMB 
with deoxyribonucleoside triphosphates.
2. Inhibitor added to standard reactions prior 
to RNA; a) controls containing no pHMB, b) 
pHMB with no deoxyribonucleoside, c) pHMB with 
deoxyribonucleoside triphosphates.
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Figure 17. Effect of pHMB on binding between 
60S [^H]-MC29 RNA and reverse 
transcriptase with inhibitor added 
last to standard reactions.
1. Controls containing no pHMB;
2. pHMB with no deoxyribonucleoside 
triphosphates; 3. pHMB with deoxyri­
bonucleoside triphosphates included
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Figure 18. Effect of NEM on binding between {^H]-poly(rA) and 
reverse transcriptase. 1. Inhibitor added last to 
standard reactions; a) controls containing no NEM,
b) NEM with no deoxyribonucleoside triphosphates,
c) NEM with deoxyribonucleoside triphosphates.
2. Inhibitor added prior to RNA in standard reac­
tions; a) controls containing no NEM, b) NEM with 
no deoxyribonucleoside triphosphates, c) NEM with 
deoxyribonucleoside triphosphates.
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Figure 19. Effect of NEM on binding between 
60S [3h ]-MC29 RNA and reverse 
transcriptase, with the inhibitor 
added last to standard reaction 
mixtures. 1. Controls contain­
ing no NEM. 2. NEM with no 
deoxyribonucleoside triphosphates.
3. NEM with deoxyribonucleoside 
triphosphates.
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CHAPTER IV 
DISCUSSION
Sulfhydryl groups play a major catalytic role in a 
wide variety of enzymes (see Glazer, 1970) and are essential 
to the activities of some DNA and RNA polymerases. This study 
explored the effects of p-hydroxymercuribenzoate and N- 
ethylmaleimide on the enzymatic activities and RNA-binding 
capabilities of the reverse transcriptase from avian 
myeloblastosis virus.
It was first reported by Garapin et al. (1970) that 
the DNA polymerase activity of this enzyme required the 
presence of a reducing agent. Watson et al. (1973) demon­
strated a similar requirement for the RNase H activity. In 
this report, I have shown that this is due to inactivation of 
the enzyme by dissolved oxygen. The evidence for this is that 
polymerase activity remains in stored enzyme samples which con­
tain neither oxygen nor a reducing agent, while in the presence 
of dissolved oxygen, samples which have no reducing agent grad­
ually lose enzymatic activity. Presumably, the dissolved 
oxygen causes an oxidation of the sulfhydryls to disulfides. 
This activity loss is evidently not reversible, as DTT con­
centrations of 1, 10, and 100 mM did not revive the enzymatic 
activities. A structure in which disulfides were inaccessible
72
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to the DTT would account for this observation.
In agreement with Leis et al. (1973b and 1973c), it 
was found that the DNA polymerase and RNase H activities of 
reverse transcriptase are both sensitive to pHMB and NEM.
In their experiments, DTT was omitted from the reactions ex­
cept for the unspecified amount introduced as part of the 
purified reverse transcriptase. In my experiments, DTT was 
kept within the "normal" values used for short-term DNA 
polymerase and RNase H assays in our laboratory, namely, the 
0.85 to 1.1 mM range. This means that 1.7 to 2.2 mM NEM or 
pHMB would be required for complete titration of the DTT, 
since DTT reacts with these chemicals in a 1:2 molar ratio 
(see Figures 3 and 4). Some conclusions about the enzyme's 
sulfhydryls can be made using this information and the graphs 
in Figures 9 and 11 (effects of pHMB and NEM on DNA polymerase 
activity), and Figures 13 and 14 (effects of pHMB and NEM on 
RNase H activity).
When standard DNA polymerase assays were run in the 
presence of pHMB (Figure 9), the pattern of inhibition was 
seen to depend on the choice of template primer used. A nearly 
linear plot is observed with poly(rA)*oligo(dT), and zero 
polymerase activity is reached at about twice the DTT concen­
tration. The reaction between sulfhydryl groups and pHMB 
should set up an equilibrium between the sulfhydryls, the 
pHMB, and all the possible reaction products (see Figure 3).
A linear graph then is what one would expect if the essential
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protein sulfhydryl(s) and the DTT were both modified by pHMB 
in the same proportions, i.e., the sulfhydryl-pHMB products 
were all of the same stability, regardless of the sulfhydryl's 
source.
The graph with AMV RNA as template-primer is surpris­
ingly different. At low pHMB concentrations, the activity 
appears to be slightly less inhibited in these assays than 
in the assay with poly(rA)»oligo(dT). At high concentrations 
of pHMB, however, the activity is clearly more sensitive. This 
increased sensitivity may indicate more stringent requirements 
for synthesis on the natural template compared to the poly(rA), 
rather than different sulfhydryl chemistry. If so, a DNA 
polymerase reaction using a different synthetic template- 
primer might show a sensitivity to pHMB inhibition greater than 
that observed with poly(rA)*oligo(dT).
NEM inhibition of the DNA polymerase activity (Figure 
10) differed substantially from pHMB inhibition. At all in­
hibitor levels tested, the activity losses caused by NEM were 
less than those caused by pHMB at the corresponding inhibitor 
concentrations. This is not surprising, since NEM tends to 
be both less reactive than pHMB toward protein sulfhydryl 
groups and more selective in which sulfhydryls it modifies 
(Praenkel-Conrat, 1957; Riordan and Vallee, 1972). The reac­
tion with NEM produces a stable covalent bond which is unaf­
fected by the presence of other unreacted sulfhydryls. Thus, 
while an exchange of the organomercurial moiety can take place
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between unmodified and pHMB modified sulfhydryls, allowing 
the system to approach equilibrium, no exchange is possible 
between unmodified and NEM-modified sulfhydryls. The reaction 
with NEM is therefore governed by kinetics. The substance 
that becomes modified by NEM is whatever will react the most 
quickly, not necessarily whatever forms the most stable prod­
ucts. The factors which control kinetic reactions, including 
steric effects, temperature, and the concentrations of the 
reacting species will determine these results. Two factors 
would greatly favor a faster reaction of NEM with DTT than 
with protein sulfhydryls. The first is the much greater con­
centration of DTT sulfhydryls than protein sulfhydryls, and 
the second is that reaction with DTT sulfhydryls is almost 
certainly much less sterically hindered than the reaction 
with protein sulfhydryls. These can be used to explain the 
graphs of NEM inhibition of DNA polymerase activity. At low 
NEM concentrations, the reaction of NEM with the large excess 
of DTT occurs so rapidly that virtually no reaction of the NEM 
with essential protein sulfhydryls takes place. This accounts 
for the lack of inhibition below about 1.3 mM NEM. At higher 
NEM concentrations, the reaction between NEM and DTT proceeds 
for a longer time as the concentration of unreacted DTT con­
tinues to decline. The result of this is that a significant 
proportion of the essential protein sulfhydryls can begin to 
react with NEM. For poly(rA)*oligo(dT)-directed reactions, 
the enzyme’s activity begins to diminish around 1.3 mM NEM,
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while for AMV RNA-directed reactions, a loss is not observed 
until about 1.8 mM. When the NEM concentration is sufficiently 
high, all of the DTT will be consumed allowing the reaction 
between NEM and the protein sulfhydryls to continue without 
further competition from DTT. Although oxygen could act as 
another competitor for the protein sulfhydryls, it was shown 
that oxygen inhibition could not account for the observed re­
sults. NEM must therefore be the active inhibitor. The NEM 
concentration required to completely oxidize all of the DTT will 
be double the DTT concentration. For the poly(rA)*oligo(dT)- 
directed reaction, this should be 1.7 to 1.9 mM NEM, and for 
the AMV RNA-directed reaction, it should be between 1.7 and 
2.2 mM NEM. It would thus appear that the inhibition by NEM 
begins well before the DTT is consumed in the synthetic RNA- 
directed reaction, while inhibition does not begin until the 
DTT is entirely or almost entirely consumed in the natural 
RNA-directed reaction. Both reactions show maximum inhibition 
at just above 2 mM NEM.
It should be mentioned that in addition to the reac­
tion with sulfhydryl groups shown in Figure 4, under some con­
ditions NEM is known to react with amino and imidazole groups, 
although by an altogether different route (Smyth et al., 1960). 
In this instance, since inhibition of the DNA polymerase 
activity by pHMB clearly indicates the presence of essential 
sulfhydryl groups, and since inhibition of the DNA polymerase 
activity by NEM begins when the competing sulfhydryl groups of
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DTT are nearly consumed, these other possible reactions were 
not considered in this analysis. It seems likely that the 
reaction of NEM with essential sulfhydryl groups is responsible 
for the observed DNA polymerase inhibition. If so, it appears 
that the reaction of the essential sulfhydryl groups is faster 
in the poly(rA)*oligo(dT)-directed reaction. Steric effects 
are the most likely cause, with the enzyme being better shielded 
from NEM when bound to the natural template-primer than when 
bound to polyCrA)*oligo(dT). This could result either from 
structural features of the RNA, such as situating the enzyme 
within a pocket, or from binding properties of the enzyme, i.e., 
closer enzyme-RNA association with the natural template-primer 
than with poly(rA)«oligo(dT). An alternative explanation of 
the lower inhibition threshold observed in the poly(rA)*oligo(dT)- 
directed reaction is that the natural RNA reaction is less 
sensitive to inhibition than the synthetic one. The results 
suggest that this is not so, since both reactions reach maximum 
inhibition at the same NEM levels.
The RNase H activity has completely different inhibi­
tion profiles with both inhibitors than has the DNA polymerase 
activity. In the presence of 0.85 to 1.0 mM DTT, the standard 
RNase H assay with a synthetic substrate of [^H]-polyCrA)«poly(dT) 
is SOI inhibited by 0.7 mM pHMB (Figure 13), while the standard 
polymerase assay with either template-primer is no more than 
301 inhibited (Figure 9). The curves for both RNase H reac­
tion series, i.e., inhibitor added last and inhibitor added
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second to last, are nearly identical from 0 to 0.7 mM pHMB, 
at which point they part. Beyond this point, the different 
degrees of inactivation for the two curves show that the 
binding of [3h ]-poly(rA)»poly(dT) to the AMV reverse trans­
criptase reduces the sensitivity of the enzyme to pHMB inhi­
bition. It also demonstrates that the enzyme works in a 
processive fashion, that is, once an enzyme molecule binds 
to a substrate molecule, it hydrolyzes the RNA moiety of that 
molecule completely before becoming dissociated. If the 
enzyme activity were distributive (random), that is, if an 
enzyme molecule did not stay bound to one substrate molecule 
through complete hydrolysis of the polymer, then the RNA 
would be unable to protect the enzyme from modification. The 
order of addition would then have no effect on the degree of 
inhibition. This conclusion agrees with the reports of other 
researchers on the properties of RNase H from AMV (Leis et al., 
1973a; Grandgenett and Green, 1974; Verma, 1975).
When assays with NEM were examined, a much different 
inhibition pattern was seen. With NEM added last, no inhibi­
tion was observed for NEM concentrations below 2 mM in the 
presence of 0.85 to 1 mM DTT (Figure 14). The activity was 
seen to drop linearly in the standard assays from 3 to 6 mM 
NEM, and then to shift to a new, more gradual linear decline 
from 8 to 14 mM. Complete inhibition was not observed until 
14 mM NEM under the standard assay conditions. This differs 
from all other results with both RNase H and DNA polymerase
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inhibition, in that an inhibitor concentration in great excess 
of the DTT concentration was required to completely destroy 
all enzymatic activity. It may well be that no essential 
sulfhydryl groups were accessible to the NEM under these con­
ditions, and that the inhibition of RNase H activity observed 
in these assays resulted from the reaction of NEM with an 
amino or imidazole group.
Far less NEM was required when the inhibitor was 
added prior to the substrate. From 0 to 2 mM NEM, a linear 
decline to 60% of the control activity was observed, and from 
2 to 2.4 mM NEM, the RNase H activity plunged to zero. The 
difference in inactivation observed for inhibitor added after 
the substrate vŝ . inhibitor added before the substrate again 
confirms the processive mode of RNase H action.
These results demonstrate major differences in inhibi­
tion of the DNA polymerase and RNase H activities by pHMB and 
NEM. For parallel standard reactions in which the inhibitor 
was added last, RNase H inhibition required less pHMB and more 
NEM than the DNA polymerase to achieve the same degrees of in­
hibition. Although this is not direct evidence, it does sug­
gest that the two activities reside at separate sites on the 
enzyme, in agreement with conclusions reached by Leis et al. 
(1973b) and Brewer and Wells (1974).
An essential step for both enzymatic activities of 
reverse transcriptase is the formation of a complex between 
the enzyme and an appropriate polynucleotide. Disruption of
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this complex, or prevention of complex formation, will render 
the enzyme inactive. If pHMB- and NEM- modified sulfhydryls 
interfered with polynucleotide binding, the inhibitory action 
of these reagents could perhaps be accounted for, depending 
upon the degree of inhibition found in binding assays. I there 
fore undertook a series of experiments to ascertain whether, 
under a number of different conditions, modification of active 
sulfhydryl groups by pHMB and NEM would affect the capability 
of purified AMV reverse transcriptase to bind certain poly­
nucleotides, namely [^H]-poly(rA), [^H]-poly(rA)*oligo(dT), 
and 60S [3h)-MC29 RNA. From the data shown in Figures 15-19, 
a number of trends are apparent. First, both pHMB and NEM re­
duce the polynucleotide binding capability of AMB a6 reverse 
transcriptase, although pHMB produces a greater effect than 
NEM under all conditions tested. Second, the complex formed 
by natural RNA and reverse transcriptase is more resistant to 
dissociation by the inhibitors than is either the [^H]-poly(rA) 
or the [3h]-poly(rA) oligo(dT). This is consistent with the 
data for NEM inhibition of the DNA polymerase in which the 
binding between natural RNA and the enzyme was suggested to 
be "tighter" than the binding between the synthetic RNA and 
the enzyme. Third, the order of reagent addition affected the 
results. For identical final reaction mixtures, addition of 
the inhibitor after the polynucleotide resulted in greater 
binding between the enzyme and the RNA than was observed with 
addition of the inhibitor prior to the polynucleotide. This 
complements the observation that addition of the [^H]-poly(rA)-
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poly(dT) substrate to standard assays prior to the inhibitor 
reduced the degree of RNase H inhibition by both pHMB (at 
concentrations between 0.7 and 2 mM) and NEM (at concentra­
tions below 14 mM). Fourth, the presence of an oligo(dT) 
primer on the [^H]-poly(rA) template slightly decreased the 
sensitivity of the complex to pHMB, as shown by the gen­
erally higher binding values for the [^H]-poly(rA). oligo(dT) 
assays than the corresponding [^h ]-poly(rA) assays. The rea­
son for this is probably that the enzyme binds more strongly 
at primer sites than at sites lacking a primer, even on a 
synthetic template and even in the case of prior sulfhydryl 
modification. Haseltine et al. (1977) have found that AMV re­
verse transcriptase binds specifically to the natural primer, 
tRNA^^P, although prior NEM inhibition can prevent this bind­
ing. Fifth, the inclusion of deoxyribonucleoside triphosphates 
in mixtures containing an inhibitor resulted in lower levels of 
enzyme-RNA binding than in the absence of the triphosphates.
The reason for this is not clear.
These results indicate that enzyme-polynucleotide bind­
ing must not be the only function affected by sulfhydryl modi­
fication. If it were, one should be able to correlate losses 
in template-binding capability with losses in enzymatic activity, 
and this is not the case. As can be seen, at 5 mM levels of 
either inhibitor, significant amounts of enzyme-polynucleotide 
binding remain in all instances tested except one (addition of 
pHMB to a standard reaction prior to the addition of [^H]- 
poly(rA), Figure 15). However, 5 mM levels of either inhibitor
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result in complete inactivation in all of the parallel 
enzymatic activity assays. This clearly indicates that 
sulfhydryls play a role other than polynucleotide binding, and 
although the data indicates that they could aid in that func­
tion, it seems more likely that sulfhydryl modification merely 
places a bulky side group into the active site and interferes 
with the attractive forces exerted by other amino acid resi­
dues .
In summary, this study has shown that modification of 
the essential sulfhydryl groups in AMV o0 reverse transcriptase 
can cause complete inhibition of both the DNA polymerase and 
RNase H activities. Air oxidation completely and irreversibly 
destroys both activities, indicating that the enzyme requires 
a reducing environment to remain active, and that the oxidized 
sulfhydryls are inaccessible to DTT. Inhibition by pHMB and 
NEM is dependent on the inhibitor concentration. With the 
standard DNA polymerase assays, an amount of either inhibitor 
in slight stoichiometric excess of the DTT was sufficient to 
fully inhibit the enzyme. This shows that the DNA polymerase 
activity contains at least one essential sulfhydryl group, and 
that the polymerase activity is highly susceptible to inhibi­
tion by sulfhydryl modification.
The RNase H activity showed similar complete inhibi­
tion at a slight equivalent excess of pHMB over DTT. However, 
at lower levels of pHMB in which less than complete inhibition 
was observed, the RNase H activity was more inhibited than the
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DNA polymerase activity for the same pHMB concentrations.
This demonstrates that both activities can be similarly in­
hibited by sulfhydryl modification, but the differences in 
the inhibition patterns indicates that the active sites are 
not identical. Inhibition of RNase H by NEM was much dif­
ferent, but the conclusion is the same. When the enzyme was 
allowed to react with NEM in the absence of substrate, com­
plete inhibition was observed at NEM levels close to those 
required with pHMB. However, when substrate was present, 
sevenfold greater levels of NEM were required under the 
standard assay conditions. This again shows that substrate 
can protect the enzyme from NEM inhibition, further indicat­
ing that the two enzymatic activities have different active 
sites.
Both pHMB and NEM diminish the ability of AMV reverse 
transcriptase to bind RNA templates and RNA template-primers. 
NEM was less effective than pHMB under the same conditions, 
and the degree of inhibition caused by either reagent was in­
sufficient to account for the observed inhibition of the 
enzymatic activities. This indicates that assistance in 
template binding is not the principal role of the essential 
sulfhydryl groupCs). The reason for the losses in template 
binding ability may well be that sulfhydryl modification by 
these reagents introduces a bulky group into the active site 
and lessens the ability of the enzyme to form and sustain an 
enzyme-RNA complex.
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It is clear that more information could be gained by 
an extension of these studies. The most obvious task would 
be completion of the polynucleotide binding study, which could 
perhaps be done by using Millipore filters. It might also 
prove worthwhile to include an additional polynucleotide com­
plex, [^H]-poly(rA)«poly(dT), the substrate used for standard 
RNase H assays. Examination of the effects on DNA polymerase 
activity brought about by changing the order in which sub­
strate, template-primer, and inhibitor are added to enzyme- 
containing mixtures might also be valuable. Since polynucleotide- 
binding is evidently not the principal step inhibited by pHMB 
and NEM, studies of deoxyribonucleoside triphosphate-binding 
could provide valuable information. Such assays could be per­
formed in the same manner as the polynucleotide-binding 
studies, since binding of mononucleotides alone to nitro­
cellulose filters does not occur.
Finally, the experiments reported here examine only 
the effects of sulfhydryl modification on standard DNA poly­
merase and RNase H assays. They are limited in the amount of 
molecular information which they provide. Molecular studies, 
however, could be performed in the absence of DTT to determine 
the total number of sulfhydryl groups in the protein, the 
number of essential sulfhydryl groups at each active site, 
and the degree to which any essential sulfhydryls are shared 
by both active sites. The results of such additional studies 
would undoubtedly raise new questions and would lead us toward
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further understanding of this protein, its role in oncorna- 
viral reproduction, and the mechanism of viral oncogenesis.
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